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Quantum systems can be exploited for disruptive technologies but in practice quantum features are fragile
due to noisy environments. Quantum coherence, a fundamental such feature, is a basis-dependent property that
is known to exhibit a resilience to certain types of Markovian noise. Yet, it is still unclear whether this resilience
can be relevant in practical tasks. Here, we experimentally investigate the resilient effect of quantum coherence
in a photonic Greenberger-Horne-Zeilinger state under Markovian bit-flip noise, and explore its applications in a
noisy metrology scenario. In particular, using up to six-qubit probes, we demonstrate that the standard quantum
limit can be outperformed under a transversal noise strength of approximately equal magnitude to the signal.
Our results provide experimental evidence that a quantum advantage in metrological scaling can be maintained
even in the presence of uncorrelated Markovian noise. This work highlights the important role of passive control
in noisy quantum hardware, which can act as a low-overhead complement to more traditional approaches such
as quantum error correction, thus impacting on the deployment of quantum technologies in real-world settings.
Introduction.—Harnessing quantum effects holds the
promise of revolutionizing information processing in ways
that greatly surpass current approaches, including quantum
computing, communication, and metrology [1]. However
quantum resources are very fragile and practical realizations
of quantum sensors and processors inevitably interact with
their surroundings, eventually losing their nonclassical prop-
erties. In particular, the process of “decoherence” [2] stands as
one of the major obstacles in realizing scalable quantum tech-
nologies. During the past two decades, numerous efforts have
been invested to devise active noise control schemes [3–6].
Quantum error correction with feedback control [3, 4] pro-
vides the most promising scheme to combat arbitrary noise,
however the excessive resource overhead keeps it beyond
reach of current technology. A complementary approach is
to develop passive noise control schemes, which are more af-
fordable, by harnessing the natural resilience of quantum re-
sources to specific noise. For example, placing a system in a
decoherence-free subspace (DFS) can make it inherently im-
mune to collective noises [7–9].
Quantum coherence, encapsulating the idea of superposi-
tion of quantum states, is a defining feature of quantum me-
chanics and also a crucial resource for quantum information
processing [11]. Recently, the development of a rigorous re-
source framework for coherence [12–14] has brought it back
to the limelight and motivated a number of studies [15–19].
Coherence is defined with respect to a particular reference ba-
sis, usually specified by the physics of the system under in-
vestigation [12]. As such, one may intuitively expect its re-
silience to depend on the direction along which the noise acts.
Surprisingly, it has been observed that, under suitable condi-
tions, the coherence in a multi-qubit system (with respect to
the computational basis) can remain exactly constant under
independent bit-flip noise acting on each qubit [19–21, 34],
in a process known as “freezing”. This freezing phenomenon
takes place despite the quantum state itself evolving due to the
noise, highlighting a key difference to the DFS scenario.
It is intriguing to explore practical applications of frozen
or more generally resilient coherence, particularly in quan-
tum parameter estimation [22–24], for which coherence in the
eigenbasis of the parameter-imprinting generator is an essen-
tial resource. It is well known that the precision of noise-
free quantum metrology can beat the standard quantum limit
(SQL) and achieve the Heisenberg limit (HL) by exploiting
entangled probes, e.g., Greenberger-Horne-Zeilinger (GHZ)
states. However, the quantum advantage is much more elu-
sive in realistic environments in which the noise and the uni-
tary evolution imprinting the parameter act on the probes si-
multaneously. In fact, there are a number of no-go results
demonstrating that for most types of uncorrelated noise the
asymptotic scaling is constrained to be SQL-like [25–29].
Nevertheless, it has been shown theoretically that, when the
noise is concentrated along a direction perpendicular to the
unitary dynamics (known as transversal noise), even if the
noise is purely Markovian, a superclassical precision scal-
ing in frequency estimation can be maintained by optimizing
the interrogation-time (duration of the evolve-and-measure
rounds) [30, 31]. Note that for parallel Markovian noise, the
uncorrelated and GHZ probes achieve exactly the same preci-
sion, thus no quantum advantage can be achieved [25].
In this Letter, we use a highly controllable photonic sys-
tem as an experimental testbed to investigate the resilience of
quantum coherence and metrology against transversal noise.
We first demonstrate frozen quantum coherence in a 4-photon
GHZ state prepared in both the computational and σx bases
and then subjected to Markovian bit-flip noise. We observe
that the quantum Fisher information for estimating a phase
encoded along the σz basis is also frozen in the GHZ state pre-
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FIG. 1. The experimental setup consists of three main steps: prepa-
ration, evolution and detection. Ultraviolet laser pulses with a central
wavelength of 390nm, pulse duration of 140fs, and a repetition rate
of 76 MHz pass through three beamlike type-II SPDC sources (not
shown in the figure), and generate three EPR photon pairs in the state
of (|HH〉 + |VV〉)/√2. The blue and red balls (in the top left insert)
represent the e- and o-photons respectively. The three e-photons are
fed into a multiphoton interferometer consisting of two PBSs. With
post-selection, a 6-photon GHZ state can be projected. By removing
PBS2, the first two sources generate a 4-photon GHZ state, and the
3-photon GHZ state can be generated by projecting one photon onto
1√
2
(|H〉 + |V〉) (See SM.IB [33] for detail). After preparation, each
photon passes through a channel which consists of three randomly
rotated wave plates. All the wave plates are mounted on motorized
rotation stages and controlled by a QRNG. By setting the parame-
ters controlling the wave plates, various sources of noise can be sim-
ulated. In the measurement part, each photon is passed through a
narrowband filter and detected by a polarization analysis system.
pared in theσx basis. We then consider a frequency estimation
task with additional bit-flip noise, which mimics a scenario of
relevance for atomic magnetometry [32]. We provide exper-
imental evidence of a superclassical precision scaling in this
task using GHZ-state probes of up to 6 qubits, despite their
exposure to noise of comparable strength to the signal.
Frozen quantum coherence and quantum Fisher informa-
tion (QFI).—Coherence is marked by the presence of off-
diagonal elements of a density matrix with respect to a partic-
ular basis, whose choice usually depends on the operational
task under consideration. Incoherent states are classical mix-
tures with respect to the basis, corresponding to the set of di-
agonal density matrices. Given the set of incoherent states I,
the degree of coherence of a state ρ can be quantified by how
distinguishable ρ is from I, where a distance-based measure
can be used to quantify distinguishability (see the supplemen-
tary material (SM.IIA) [33] for further details).
It is important to study the dynamical evolution of coher-
ence quantifiers given the inevitable interaction of quantum
systems with their environments. Freezing is the phenomenon
of time-invariant coherence in the presence of noise, despite a
continuing evolution of the quantum system. Refs. [19, 20]
identified dynamical conditions under which all distance-
based coherence monotones can be frozen in a class of N-
qubit states with maximally mixed marginals (M3N states).
Time-invariant coherence has been demonstrated under these
conditions in a NMR experiment [34]. Subsequently, it has
been found that the relative entropy measure of coherence
plays a special role in determining freezing conditions, since
all coherence monotones are frozen if and only if the relative
entropy is frozen [21]. Such a criterion can help us to identify
other classes of initial states exhibiting frozen coherence.
GHZ states are widely used as resources for quantum in-
formation processing. This paper investigates the dynamical
conditions and applications of frozen coherence in N-qubit
GHZ states, forming a complementary set to the canonical
M3N states for N > 2. We first focus on 4-qubit GHZ state,
prepared in either the computational σz (0/1) basis |G4〉 =
1√
2
(|0〉⊗4 + |1〉⊗4) or σx (±) basis |G±4 〉 = 1√2 (|+〉⊗4 + |−〉⊗4),
where |±〉 = (|0〉 ± |1〉)/√2. We see in the following that these
states can exhibit both frozen coherence and frozen quantum
Fisher information.
The GHZ states (preparation part in Fig. 1) are generated by
combining two sandwich-like EPR photon pairs [35] through
a polarizing beamsplitter (PBS) [36]. Both photon pairs are
prepared in the state 1√
2
(|HH〉 + |VV〉), where H (V) denotes
the horizontal (vertical) polarization of photons and encodes
the qubit values 0 (1). The fidelity of the prepared GHZ
state is as high as 97.5% (see SM.IC [33] for further details).
Hadamard gates, implemented as half-wave-plates (HWPs)
at 22.5◦, can be used to transform the state |G4〉 into |G±4 〉.
Then, each photon is fed into a bit-flip noise channel (evolu-
tion part in Fig. 1). Experimentally, the noise channels are
engineered by a randomized setting of the HWP angles to be
±θ with equal probability, and each HWP is sandwiched by
two quarter-wave plates (QWPs) at 90◦ with respect to the
horizontal direction. One can check that such evolution en-
acts bit-flip noise E(ρ) = (1 − p/2)ρ + pσxρσx with the noise
strength p = 2 sin2 2θ.
At the output (detection part in Fig. 1), we perform full
state tomography of the evolved states with different noise
strengths, allowing a full analysis of the evolution. For each
state, we calculate the l1 norm of coherence and the relative
entropy of coherence (SM.IIA [33]) with respect to both 0/1
basis and ± basis, resulting in four quantities overall. Fig-
ure 2(a) illustrates each case, while Figs.2(b) and (c) show the
corresponding coherence dynamics. When coherence is mea-
sured in the computational basis (yellow and blue lines), both
the l1 norm of coherence and relative entropy of coherence re-
main constant for any value of noise strength p. On the other
hand, the coherence measures in the ± basis (red and purple
lines) decay monotonically to zero. Note that the computa-
tional basis forms the eigenbasis of σz, which is orthogonal to
the bit flip noise generated by σx (i.e., Tr(σxσ
†
z ) = 0). This
leads to the concept of freezing under transversal noise, which
we now develop within the setting of metrology.
The quantum Fisher information (QFI) is a figure of merit
in quantum metrology that is used to quantify the uncer-
tainty in parameter estimation with asymptotically efficient
estimators. Two similar tasks are often considered in quantum
metrology: phase estimation and frequency estimation. Phase
estimation involves estimating a parameter ϕ, encoded into a
quantum system by a unitary exp{−iϕH} with Hamiltonian H,
3(b)(a) c)(
H Bit-flip
Bit-flip H
Bit-flip
H Bit-flip H
p=0 p=1
p p
  
Q
F
I
L
1
-
n
o
r
m
R
e
la
t
iv
e
 E
n
t
r
o
p
y
(d)
p
0
1
2
3
4
5
6
7
8
0 0.40.2 0.6 0.8 1
0
1
2
3
4
5
6
7
8
0 0.40.2 0.6 0.8 1
0
10
20
30
40
50
60
70
0 0.40.2 0.6 0.8 1
+++
+
+++
+
+
+
+
+
+
+
HHH
H
HHH
V
VVV
V
H
H
H
H
H
H
H
V
V
V
V
V
++
++
++
+
+
+
+
+
+
+
+
HH
HH
HH
HV
VV
VV H
H
H
H
H
H
H
V
V
V
V
V
FIG. 2. (a) The schematic diagram of the four cases studied in our experiment: the yellow color (first line) for the case that the GHZ state
is prepared in the ± basis and coherence is calculated in the 0/1 basis, denoted {±, 0/1}; red (second line) for {0/1,±}; blue (third line) for
{0/1, 0/1} and purple (fourth line) for {±,±}. We use a Hadamard gate (H) to represent the change between the 0/1 and ± bases. Shown on
the right of the diagram are the real part of the reconstructed density matrices in the corresponding basis for p = 0 and p = 1, respectively.
The right three panels show the measurement results (dots) of: (b) the l1-norm of coherence, (c) the relative entropy of coherence, and (d) the
QFI, along with theoretical predictions (solid lines) for the GHZ states during the evolution. The errorbars are smaller than the marker size
(the measured l1-norm coherence is always larger than the theoretical value, due to the accumulation of the statistical errors for all off-diagonal
elements of the density matrix).
while frequency estimation involves estimating a parameter ω
embedded as a frequency exp{−iωtH} for a time t.
We first consider a simple model for noisy phase estimation
with GHZ states, where bit-flip noise is assumed to act inde-
pendently and before the parameter imprinting unitary. In this
setting, the QFI can be calculated directly through quantum
state tomography using the experimental setup in Fig. 1. Sup-
pose the unitary imprinting the unknown phase ϕ is generated
by H =
∑N
k=1 σ
k
i with Pauli operators acting on the kth qubit.
When i = x, the unitary acts in a parallel fashion to the bit-flip
noise, while when i = z the bit-flip noise is transversal relative
to the unitary.
Figure 2(d) shows how the QFI depends on the noise
strength for the noisy 4-qubit GHZ states of Fig. 1 when the
noise is transversal (orange and blue lines) and parallel (red
and purple lines) relative to the parameter imprinting uni-
tary. Interestingly, the noise dependence of the QFI is differ-
ent from that of coherence. With transversal noise, the QFI
is only constant for the GHZ state prepared in the ± basis
(yellow line), however it performs equally to the SQL cor-
responding to using an optimal uncorrelated probe | + + + +〉.
Instead, for the GHZ state prepared in the 0/1 basis, the QFI
(blue line) does not remain constant and decays under noise,
yet always exceeds the SQL. We see from this simple model
that the best scenario for quantum metrology is to use a GHZ
state prepared in a basis being parallel to the imprinting uni-
tary (blue and purple lines), and moreover such that the noise
is in a transversal direction to guarantee above-SQL perfor-
mance. It is interesting to point out that coherence and QFI
give a different ordering for such two initial states, showing
that the coherence resource required for metrology relies on
the means of encoding (i.e., the unspeakable coherence [17]).
Noisy metrology.—We now consider a more realistic sce-
nario in which the noise occurs simultaneously with the im-
printing unitary. In this setting, we focus on estimation of a
frequency ω imprinted as exp{−iωtH}with an N-qubit Hamil-
tonian H = 12
∑N
k=1 σ
k
z . Following Refs. [30, 31], we consider
a dynamical evolution determined by a Lindblad-type master
equation
∂ρ(t)
∂t
= H(ρ) +L(ρ), (1)
where H(ρ) = −iω[H, ρ] captures the unitary evolution and
the Liouvillian L(ρ) describes the noise. We restrict to uncor-
related noise as this is the most likely form in experiments.
Hence, L = ∑k Lk with single qubit terms
Lk(ρ) = − γ2 (ρ − αxσkxρσkx − αyσkyρσky − αzσkzρσkz ), (2)
where γ is the noise strength (identical for each qubit) and
αi ≥ 0 with αx + αy + αz = 1. When αz = 1, the noise is
a parallel-dephasing with respect to the unitary, while when
αx = 1 the noise is a transversal-dephasing noise.
The precision in frequency estimation can depend on both
the number of qubits N of the probe and the interaction time
t. In the noise-free setting (i.e., γ = 0), both quantities can be
increased to improve precision [37]. Increasing t follows the
intuitive notion that a longer interaction allows more informa-
tion to be imparted upon the probe. However, the addition of
noise causes the probe state to also deteriorate with time. This
trade-off can result in an intermediate-time interaction being
optimal for metrology.
We provide here an experimental verification that quantum
probes can maintain super-classical performance in metrology
despite the presence of noise, focusing on frequency estima-
tion with transversal noise and interrogation-time optimiza-
tion [30, 31]. Our experimental setup remains as in Fig. 1.
We use the N-qubit GHZ state |GN〉 = 1√2 (|0〉⊗N + |1〉⊗N) in
the computational basis as a probe and perform the metro-
logical procedure for N = 1, 2, 3, 4, 6 qubits. Significant ef-
fort was made to prepare high fidelity probes: for the 2-, 4-,
40 0.5 1 1.5 2
-2.5
-2
-1.5
-1
-0.5
0
SQL
HL
Thy
Exp
(b) SQL
Thy
Exp
(c)
0.4 0.6 0.8 1 1.2 1.4 1.6
-1
-0.5
0
0.5
1
(a)
N=1
N=2
N=3
N=4
N=6
1 2 3 4 6
0.6
0.8
1
1.2
FIG. 3. (a) The measured average values of the parity operator Px for different probe size N = {1, 2, 3, 4, 6}. The optimal evolution times
are topt = {1.5490, 0.7745, 0.5684, 0.4650, 0.3508}, respectively. The solid lines show theoretical calculations using ideal probes and channels.
Note that the red line (N=1) is overlapped with the blue line (N=2). (b) The log-log plot of the mean-squared error of ω determined by Eq.
(4) as a function of the probe size. The results (red dots) are all sandwiched by the SQL and HL bounds, indicating an intermediate scaling.
The red dashed line shows the theoretical predictions with ideal probes and channels. (c) Fisher information per photon as a function of N
(additional bars are drawn to aid illustration).
and 6-photon GHZ states, the fidelities were measured to be
0.9961±0.0002, 0.9746±0.0027 and 0.9059±0.0078 respec-
tively (see SM.IC [33] for more detail).
Transversal (bit-flip) noise corresponds to αx = 1 in
Eq. (2). To enact this noise experimentally, one can explic-
itly solve the master equation in Eq. (1) and obtain a single-
qubit map expressed by a set of Kraus operators Eω(ρ) =∑4
i=1 piKiρK
†
i , where all Ki are single-qubit unitary operations
(see SM.IIIA [33] for detail). We can simulate the compos-
ite channel E⊗Nω by letting each photon pass through a HWP
sandwiched by two QWPs. This combination can realize an
arbitrary single-qubit unitary operation [38]. The waveplates
are all mounted on motorized rotation stages and controlled
by a QRNG. This allows us to randomly switch among the
angle settings of the waveplates to realize each Kraus opera-
tor with desired probability (see SM.IIIB [33] for detail). Note
that the random nature guarantees the Markov property of the
simulated noise channel. The noise channel depends on three
parameters: the frequency ω, the noise strength γ and the evo-
lution time t. In the experiment, we chose an identical noise
and signal strength ω = γ = 1. Note that when the value γ/ω
becomes larger, we require higher preparation fidelity of the
GHZ probes to beat the SQL. To characterize the channel, we
perform single qubit process tomography with different evolu-
tion times (see SM.IIIB [33] for detail). The average process
fidelity is measured to be 0.9952 ± 0.0001, confirming the re-
liable simulation of the channel.
The frequency ω is estimated based on the average of mea-
suring a parity operator Px =
⊗N
k=1 σ
k
x, which is optimal for
GHZ probes in the noiseless case. The mean-squared error of
ω can be deduced from error propagation, ∆2ω = (∆
2Px)ρ
|∂〈Px〉ρ/∂ω|2 .
Since P2x = 1, it follows that ∆
2Px = 1−〈Px〉2. If the measure-
ment is repeated ν times within a total time T = νt, ∆2ω will
decrease inverse proportionally to ν. We consider the perfor-
mance of frequency estimation with respect to the total time
T , and can hence write
∆2ωT = t
1 − 〈Px〉2t
|∂〈Px〉t/∂ω|2 , (3)
which is valid for the T  t regime. As discussed above, there
exists an optimized interrogation time topt to minimize such a
quantity, which we determine by theoretical calculation.
It is challenging to measure the partial derivative
∂〈Px〉t
∂ω
|ω=1 experimentally. Here we use the five-point stencil
method [39], to approximate the derivative (see SM.IIIC [33]
for detail). For each N, we measured the average values of Px
for five perturbations around ω = 1 with a spacing step of 0.1
or 0.2, the results are summarized in Fig. 3(a).
The mean-squared error ofω can then be calculated accord-
ing to Eq. (3). Fig. 3(b) shows the log-log plot of the mean-
squared error as a function of probe size N, from which we can
see superclassical precision is demonstrated with GHZ probes
of up to six qubits. Note that for parallel noise, there is no ben-
efit in using a highly entangled GHZ state (see SM.IIIA [33]
for detail). By fitting the last four points into a line, the slope
is found to be −1.2693±0.0581 (when only using the interme-
diate three points, the slope is −1.3827± 0.0605), which indi-
cates an intermediate scaling between SQL and HL. Fig. 3(c)
shows a plot of the Fisher information per photon/qubit (de-
fined as S N = (N∆2ωT )−1) as a function of N, from which
we can see for high quality GHZ probes (N = 1 − 4, fi-
delity > 0.97) that the quantity increases with the entangled
probe size. Instead, the Fisher information per qubit remains
constant for unentangled probes. Note that the 2-photon Bell
state performs equivalently to unentangled probes due to sub-
optimality of the parity measurement under bit-flip noise. For
N = 6, the results do not show that S 6 is larger than S 4 when
taking into account uncertainties, mainly due to the relatively
low fidelity of the initial 6-photon GHZ state. This in turn
shows that any deviations from perfectly directional noise can
prevent superclassical scaling [30]. However, we still observe
a much higher precision gain than for parallel noise in the
channel (the SQL bound). When comparing N = 1 − 6 GHZ
probes with similar preparation fidelity, we observe the ex-
pected increasing with N of the Fisher information per qubit
(see SM.IIID [33] for detail). In the SM.IIIE [33], we give
a numerical analysis showing that a fixed amount of noise in
the initial probes does not impact how the metrological pre-
cision scales, while preparation noise that increases with N
can prevent superclassical scaling. We also determine the
mean-squared error of ω by using the QFI of the evolved
state F (ρω), according to the quantum Cramer´-Rao bound
∆2ωT ≥ 1/(F (ρω)/t) [40]. In the experiment, we performed
5full state tomography of the evolved states (N = 1, 2, 3, 4) and
determined the partial derivative ∂ωρω by the five-point stencil
method. The detailed results are in SM.IIIF [33], in which we
also show a superclassical precision scaling.
In conclusion, we have experimentally investigated the re-
silient effect of quantum coherence and QFI under transversal
noise. In particular, we demonstrated that both quantities can
be fully protected during the evolution in a 4-photon GHZ
state, highlighting the freezing phenomenon of fundamental
quantum resources in an optical setup. We also investigated
such resilience in a realistic metrology task where noise and
parameter imprinting occur simultaneously. By configuring
the signal Hamiltonian perpendicular to the noise, we demon-
strated that our prepared GHZ probes can beat the SQL with
up to 6-photon probes. Our results give the first experimental
evidence that a scaling quantum advantage can survive even in
the presence of uncorrelated Markovian noise, paving the way
for scalable noisy metrology with only passive noise control.
Future perspectives can be to combine our analysis with ac-
tive error correction in metrology [41, 42]. It would also be
extremely attractive to find other applications which can har-
ness the natural resilient effect of quantum resources against
decoherence, especially in quantum computation.
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SUPPLEMENTAL MATERIAL
I. Experimental details
A. EPR source
The detailed structure of the EPR source is shown in Fig.S4. The two β-barium borate (BBO) crystals are both 1-mm thick
and have the same cutting angles for beamlike type-II phase-matching, a true-zero-order half-wave plate (THWP) is inserted
between them. In beamlike SPDC emission, the down-converted photon pairs are emitted into two separate beams with a
Gaussian-like intensity distribution, which will benefit for achieving a high collection efficiency and high counting rate. In the
sandwich-like structure, the polarization state of the photon pairs generated by BBO1 can be written as |H〉e,2|V〉o,1, where H
(V) denotes horizontal (vertical) polarization, the subscript o (e) denotes the ordinary (extraordinary) photon with respect to the
BBO crystal, and subscript 1, 2 denote different spatial modes. After transmitting the THWP, the polarization state rotates to
|V〉e,2|H〉o,1. BBO2 is placed in the same manner as BBO1, thus generate photon pairs also in the state |H〉e,2|V〉o,1. The two
possible ways of generating photon pairs are further made indistinguishable by carefully spatial (LiNbO3 crystals) and temporal
(YVO4 crystals) compensations, thus the photon pairs are prepared in the state of (|H〉e,2|V〉o,1 + |V〉e,2|H〉o,1)/
√
2. Then a HWP is
used to transform this state to (|HH〉+ |VV〉)/√2, which is required for GHZ state preparation. Note that the sandwich structure
generate the e- and o-photons into different spatial modes, which meets the key requirement of the entanglement concentration
scheme and allows us to engineer different narrowband filters for e- and o-photons.
B. GHZ state preparation
A high-accuracy multiphoton interferometer is crucial to generate high fidelity multiphoton entangled states. Fig.S5 shows the
optical network to generate the 6-photon GHZ state. The entangled photon pairs are generated from the above EPR sources. The
three e-photons (the blue balls) are directed to overlap on two polarization beam-splitters (PBSs). The PBSs are set to transmit
(reflect) H- (V-) polarized photons. After the interferometer, the H- and V-polarized photons will be redistributed among the
output modes e′1, e
′
2 and e
′
3. When there is one and only one photon in each output port, the PBS acts as a parity check operator|HH〉〈HH|+|VV〉〈VV | between the two input photons, which is widely used to fuse independent photon pairs. One can check that
after the two PBSs only two possible terms |H〉⊗6 and |V〉⊗6 are post-selected. The two terms are further made indistinguishable
carefully, thus the input EPR photon pairs are projected into the 6-photon GHZ state. The time delays between different paths are
finely adjusted by using P1 and P2 to ensure that different polarized photons arrive at each output port simultaneously. We insert
a quartz plate (QP) before the output port e′1 to compensate the small time difference. Then all photons pass through narrowband
filters and single mode fibers for spectral and spatial selection. In addition, we insert a sequence of wave plates which consists
of one HWP sandwiched by two 45◦ QWP before one output port to carefully calibrate the relative phase between the two terms
in the GHZ state. By removing one EPR source and the corresponding PBS, we can generate the 4-photon GHZ state.
C. Characterize the prepared GHZ states
To characterize the prepared N-photon GHZ states, we measure the state fidelity FGN = 〈GN |ρexp|GN〉 of them, where |GN〉 =
1√
2
(|H〉⊗N + |V〉⊗N) denotes the ideal N-qubit GHZ state. We measure the projection operator
|G6〉 〈G6| = 12A +
1
12
5∑
k=0
(−1)kMk, (S1)
where A = |H〉⊗6 〈H|⊗6 + |V〉⊗6 〈V |⊗6 and Mk = [cos( kpi6 )σx + sin( kpi6 )σy]⊗6 for N=6, and do full state tomography for N=2 and
N=4. The experimental results are summarized in Fig.S6. The fidelities are measured to be 0.9961 ± 0.0002, 0.9746 ± 0.0027
and 0.9059 ± 0.0078 for the 2-, 4-, and 6-photon GHZ state respectively, the counting rates are 10000 Hz, 1 Hz and 0.04 Hz
respectively. In the six photon experiment we use 8- and 3-nm bandwidths filters for o- and e-photons respectively, while in the
two and four photon experiment we use 3- and 2-nm bandwidths filters for o- and e-photons respectively. When the filter setting
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FIG. S4. Sandwich-like EPR source.
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FIG. S5. The optical network to generate the 6-photon GHZ state.
changes from 8 & 3nm to 3 & 2nm, we observe the Hong-Ou-Mandel interference visibility increased from 0.92 to 0.97, while
the collection efficiency of the photon source drop from 0.3 to 0.2.
II. Frozen quantum coherence
A. Quantum coherence quantifiers
The resource framework of quantum coherence is based on identifying a set of incoherent states and a class of incoherent
operations that map the set onto itself, which is analog to the resource theory of entanglement. For a fixed reference basis {|i〉},
the incoherent states are defined as diagonal states in this basis δ =
∑
i pi|i〉〈i|, where pi are probabilities. We denote the set of
incoherent states as I.
A completely positive trace-preserving (CPTP) map Λ can be characterized by a set of Kraus operators Λ(ρ) =
∑
j K jρK
†
j ,
where
∑
j K
†
jK j = I. Then incoherent operations or channels (ICPTP maps) satisfy the additional constraint K jIK†j ⊂ I for all
j, which are closed to the set of incoherent states.
Baumgratz et al [12]. have proposed a set of requirements which should be satisfied by any valid coherence measure C(ρ):
(C1) C(ρ) ≥ 0, and C(ρ) = 0 if and only if ρ ∈ I.
(C2) Contractivity under incoherent channels C(ρ) ≥ C(ΛICPTP(ρ)).
(C3) Contractivity under selective measurements on average, C(ρ) ≥ ∑ j p jC(ρ j), where p j = Tr(K jρK†j ) and ρ j = K jρK†j /p j,
the Kraus operators satisfy that
∑
j K
†
jK j = I and K jIK†j ⊂ I for all j.
(C4) Convexity, C(qρ + (1 − q)τ) ≤ qC(ρ) + (1 − q)C(τ) for any states ρ,τ and q ∈ [0, 1].
A generic distance-based measure of coherence is defined as
CD(ρ) = min
δ ∈ I
D(ρ, δ) = D(ρ, δρ) , (S2)
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FIG. S6. (a) Real and (b) imaginary part of the experimentally reconstructed density matrix of the 2-photon Bell state. (c) Real and (d)
imaginary part of the reconstructed 4-photon GHZ state. (e) Results for A measurement. (f) Expectation values of Mk(k = 0, · · · , 5).
where δρ is one of the closest incoherent states to ρ with respect to D. Notable examples that satisfy all the four properties
mentioned above include the l1 norm of coherence, via summing over the off-diagonal elements Cl1 (ρ) =
∑
i, j
∣∣∣ρi j∣∣∣, and the
relative entropy of coherence CRE(ρ) = S(ρdiag)−S(ρ), where ρdiag is the matrix containing only the diagonal elements of ρ, and
S(ρ) = −Tr(ρ log ρ) is the von Neumann entropy.
B. Tomographic results
In Fig.S7, we give the tomographic results of the evolved four-photon GHZ states with state preparation and reference basis
chosen as 0/1 or ± basis under bit-flip noise, which correspond to the four cases studied in Fig.2 in the main text.
4III. Noisy metrology
A. Solving the master equation
According to Ref. [30], the single-qubit map of the master equation Eq.1 in the main text for time t can be expressed in the
Pauli basis
Eω (ρ) =
∑
i, j
S i jσiρσ j, (S3)
where the Pauli operators σ0 ≡ I, σ1 ≡σx, σ2 ≡σy and σ3 ≡σz. All elements of the matrix S are zero, except S 00 = (a + b)/2,
S 11 = (d + f )/2, S 22 = (d − f )/2, S 33 = (a− b)/2, S 03 = ic/2, S 30 = −ic/2. The coefficients a, b, c, d, and f are real and depend
on ω, γ, and t:
a =
1
2
e−
1
2 t(1+αx+αy−αz)γ
(
1 + et(αx+αy)γ
)
b =
1
2
e
− 12 t
(
γ+αzγ+
√
(αx−αy)2γ2−4ω2
) (
1 + et
√
(αx−αy)2γ2−4ω2
)
d =
1
2
e−
1
2 t(1+αx+αy−αz)γ
(
−1 + et(αx+αy)γ
)
(S4)
f =
e
− 12 t
(
γ+αzγ+
√
(αx−αy)2γ2−4ω2
) (
−1 + et
√
(αx−αy)2γ2−4ω2
) (
αx − αy
)
γ
2
√(
αx − αy
)2
γ2 − 4ω2
c =
e
− 12 t
(
γ+αzγ+
√
(αx−αy)2γ2−4ω2
) (
−1 + et
√
(αx−αy)2γ2−4ω2
)
ω√(
αx − αy
)2
γ2 − 4ω2
The Kraus representation of the map Eω can be obtained by diagonalizing the matrix S, the normalized eigenvectors and the
eigenvalues give the Kraus operators and the corresponding probability respectively:
Eω (ρ) =
4∑
i
piKiρK
†
i ,
p1 =
a +
√
b2 + c2
2
, p2 =
a − √b2 + c2
2
, p3 =
d + f
2
, p4 =
d − f
2
(S5)
K1 =
(
1 0
0 eiθ
)
, K2 =
(
1 0
0 −eiθ
)
, K3 = σ1, K4 = σ2.
where θ = arccos b√
b2+c2
. Then the composite channel E⊗Nω can be written as
E⊗Nω (ρ) =
4∑
i1i2···iN
pi1 pi2 · · · piNKi1Ki2 · · ·KiNρK†i1K†i2 · · ·K†iN . (S6)
For a GHZ state probe |GN〉 = 1√2 (|0〉⊗N + |1〉⊗N), it is easy to calculate the output state ρω due to the permutation symmetry of
the parties of the input state and the channel. One can find that the evolved state is diagonal in the GHZ basis and an “X” state
in the computational basis. The diagonal and anti-diagonal terms are given by
〈m|ρω|m〉 = 12
[
(S 11 + S 22)m(S 00 + S 33 + S 03 + S 30)N−m + (S 11 + S 22)N−m(S 00 + S 33 + S 03 + S 30)m
]
=
1
2
[
dmaN−m + dN−mam
]
, (S7)
〈m|ρω|m′〉 = 12
[
(S 11 − S 22)m(S 00 − S 33 − S 03 + S 30)N−m + (S 11 − S 22)N−m(S 00 − S 33 + S 03 − S 30)m
]
=
1
2
[
fm(b − ic)N−m + f N−m(b + ic)m
]
.
5where m denotes the number of qubit 1 in the state vector, while m′ = N −m. Each m-term has a degeneracy of
(
N
m
)
. The average
value of the parity operator can be obtained by sum over the anti-diagonal terms
〈Px〉ρω =
1
2
[
( f + b − ic)N + ( f + b + ic)N
]
. (S8)
Also the diagonalization of ρω is reduced to the diagonalization of bN/2 + 1c different 2 × 2 density matrices, which simplifies
the calculation dramatically.
For parallel noise (αx = 0, αy = 0, αz = 1), we see d = f = 0 and a = 1, the evolved GHZ state ρω only has four terms and only
the two anti-diagonal terms are dephasing. It’s easy to calculate the quantum fisher information of the state F (ρω) = N2t2e−2Nγt,
thus the mean-squared error of ω is bounded by ∆2ωT ≥
√
2γe
N with optimized interrogation-time t
opt = 12Nγ . However, the result
is exactly equal to the SQL bound. In this case the parity measurement is optimal and can deduce the same precision [25]. Thus
a GHZ strategy is useless for parallel noise. It was further proved that even optimizing the input state, the asymptotic scaling is
still SQL-like and the quantum strategies provide only a constant factor improvement of
√
e [26].
For transversal noise (αx = 1, αy = 0, αz = 0), while we do not have an analytical expression, we can efficiently compute the
optimized interrogation-time and determine the mean-squared error numerically by using the parity measurement or quantum
fisher information method. Although the parity measurement is suboptimal in this scenario, as shown in [31], one can prove the
superclassical precision scaling of 1/N5/3 for both methods by taking t ∝ 1/N1/3.
B. Simulating the unitary+noise channel
The channel is simulated by one HWP sandwiched by two QWPs, see Fig.1(b) in the main text. According to the Kraus
decomposition Eq.S5, the settings of these plates to realize the four Kraus operators are ( pi4 ,
θ+pi
4 ,
pi
4 ), (
pi
4 ,
θ+2pi
4 ,
pi
4 ), (
pi
4 ,
pi
4 ,
3pi
4 ), and
( pi4 ,
pi
2 ,
3pi
4 ), respectively. To randomly switch between the settings, all the wave plates are mounted on motorized rotation stages
and controlled by a QRNG from ID Quantique. Each time the QRND generate a random number r between 0 and 1: if r ∈ [0, p1)
we set the wave plates to realize K1; else if r ∈ [p1, p1 + p2) we set the wave plates to realize K2, and so on. In the 3-, 4- and
6-photon experiments we set the wave plates to refresh every second (exclude the rotation time of the motors). The counting
rates for 3-, 4- and 6-photon experiments are 0.5 Hz, 1 Hz and 0.04 Hz respectively, thus approximately every copy experiences
a random switch among the settings. In the 1- and 2-photon experiment, we simply perform each Kraus term in Eq.S6 with
a duration proportional to its probability during data collection, from a statistical point of view the result is equal to using a
random switch.
To characterize the channel, we perform single qubit process tomography with different evolution time t=0.5, 1, and 1.5 for
the parameters γ = ω = 1, αx = 1, αy = 0, αz = 0. The reconstructed matrices S in Eq.S3 are shown in Fig.S8. The process
fidelity is calculated to be 0.9922± 0.0001, 0.9948± 0.0001, and 0.9986± 0.0001 respectively, testifying the credible simulation
of the channel.
C. Five-point stencil
The first derivative of a function f at a point x can be approximated by using a five-point stencil method
f ′(x) ≈ − f (x + 2h) + 8 f (x + h) − 8 f (x − h) + f (x − 2h)
12h
. (S9)
where h is the grid length. The error of this approximation is of the order h4, which can be obtained from Taylor expansion of
the right-hand side
− f (x + 2h) + 8 f (x + h) − 8 f (x − h) + f (x − 2h)
12h
= f ′(x) − 1
30
f (5)(x)h4 + O(h5). (S10)
In the experiment, we use such method to determine the partial derivatives. Although it is better to use small h to reduce the
estimated error, we find that if h is too small the photon statistics will contribute a very large error bar to the results. Thus we
choose h = 0.1 or 0.2 in the experiment. In Table.S1 we compare the contribution of these two errors to the final results, from
which we can see the estimated error is much smaller than the photon statistical error.
6TABLE S1. The results of mean-squared error of ω deduced from parity measurement or quantum fisher information with different probe size.
Error1, the error due to photon statistics. Error2, the error due to five-point stencil. In the experiment, we choose the grid length h=0.1 for
N=1,2 and h=0.2 for N=3,4,6. Error2 are always negative which means the five-point stencil method can give a lower bound of the partial
derivatives.
N 1 2 3 4 6
(∆2ωT )Px 1.2461 0.6237 0.3619 0.2387 0.1567
Error1 ±0.0066 ±0.0043 ±0.0150 ±0.0102 ±0.0104
Error2 -0.00004 -0.00002 -0.00024 -0.00019 -0.00018
(∆2ωT )QFI 1.1925 0.5487 0.3338 0.1866
Error1 ±0.0003 ±0.0062 ±0.0286 ±0.0364
Error2 -0.00005 -0.00004 -0.00064 -0.00072
D. Add state preparation noise in N = 1 − 4 GHZ probes
To compare N = 1 − 6 GHZ probes with similar preparation fidelities, we added further state preparation noise (SPN) in
the N = 1 − 4 GHZ probes. We consider white noise for simplicity, as it commutes with the incoherent channels, and can
be added before or after. Our procedure is inspired by the effect of white noise on the observed statistics: we randomly flip
measurement results of the parity operator with probability p = (1 − vadd)/2 to simulate adding further white noise, ρadd =
vaddρ+ (1− vadd) I2N [44]. According to the fidelity difference between |G4〉 and |G6〉, we set p = 0.035 for N = 1− 4. By adding
SPN to achieve similar preparation fidelities for all qubits, we observe the expected increasing with N of the Fisher information
per qubit (Fig.S9).
E. Numerical analysis with SPN
We analyze a more realistic scenario in which the fidelity of the initial GHZ states decreases with the qubit number, e.g., it
is reasonable to consider each additional qubit along with an entangling gate contributes to the same amount of noise in the
GHZ state preparation circuit. Thus the N-qubit GHZ state’s fidelity is equal to (F0)N , where F0 is the qubit-number-normalized
fidelity. If we consider white noise for simplicity ρnoise = v|GN〉〈GN | + (1 − v) I2N , the visibility v is approximately equal to
the fidelity for large N. Fig.S10 shows the numerical analysis of the precision scaling determined by parity measurement with
different values of F0. From which we can see any amount of scaling preparation noise can destroy the superclassical precision
when N is large enough. However, the SQL bound can be surpassed when N is small, thus demonstrating the benefit of the
transversal configuration of the channel. If we treat this scaling preparation noise as the deviations from perfectly transversal
noise in the channel, the result is similar to that discussed in [30]. In addition, we show from the red line that a fixed amount of
initial noise doesn’t impact on the precision scaling.
F. Tomographic results
We give the tomographic results of the evolved N-photon GHZ states in the noisy metrology experiment, as shown in Fig.S11-
S14. For N=1,2,3,4, the optimal interrogation times are calculated to be topt = {1.7006, 0.9498, 0.7692, 0.6821} respectively. The
precision scaling determined by quantum fisher information is shown in Fig.S15. The quantum fisher information quantifies the
largest information extractable from the probe, which is defined as [45] F (ρω) = 2 ∑nm |〈ψm|∂ωρω|ψn〉|2/(λn + λm), where λi and
|ψi〉 (i = n,m) represent the eigenvalues and eigenvectors of ρω, the sums include only terms with λn + λm , 0. This time the
2-qubit Bell state can beat the SQL. In addition, the 4-qubit GHZ state can even beat the noiseless SQL bound which is equal to
1.
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FIG. S7. Tomographic results of eight different states during the evolution, the corresponding noise strength are p =
{0, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1}. In each box, the 3D bar graphs show the real part of the experimental reconstructed density matrices. The
box colors correspond to the colors used in Fig.2 in the main text. In the orange and blue boxes, we also show the difference between the real
part (the second line) and the imaginary part (the third line) of the reconstructed density matrices with ideal ones. Note that we mark the color
bar and the reference basis only in the first plot in each line.
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FIG. S8. Tomographic results of the channel in Pauli basis. In each box, the left two pictures show the real (top) and imaginary (bottom) part
of the experimental reconstructed density matrix, the right pictures show the theoretical density matrix.
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FIG. S9. Experimental results of Fisher information per photon after adding SPN in the N=1-4 GHZ probes. Red point is the original
experimental result for N=6. The purple dashed line shows the theoretical prediction with imperfect GHZ probes with 7% white noise.
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FIG. S10. Numerical analysis of the precision scaling with white noise in the initial probes with N up to 105. The above and below
shaded areas represent the SQL and HL respectively. The dark blue, purple, green and light blue lines show the precision scaling for F0 =
{1, 0.9837, 0.9999, 0.99999} respectively. F0 = 0.9837 is the fidelity level in our six-photon experiment. The red line shows the precision
scaling with a fixed 7% white noise in the initial probes.
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FIG. S11. Tomographic results for N=1. In each box, the left two pictures show the real (top) and imaginary (bottom) part of
the experimental reconstructed density matrix, the right pictures show the theoretical density matrix. The fidelity of the states are
{0.9997, 0.9999, 0.9997, 1.0000, 0.9999} respectively.
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FIG. S12. Tomographic results for N=2, the fidelity of the states are {0.9991, 0.9993, 0.9996, 0.9992, 0.9989} respectively.
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FIG. S13. Tomographic results for N=3, the fidelity of the states are {0.9879, 0.9884, 0.9779, 0.9815, 0.9804} respectively.
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FIG. S14. Tomographic results for N=4, the fidelity of the states are {0.9466, 0.9586, 0.9644, 0.9643, 0.9612} respectively.
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FIG. S15. (a)The log-log plot of the precision scaling determined by quantum fisher information. (b)Quantum fisher information per photon
as a function of N.
